ABSTRACT The effects of charged groups of rhodopsin and bacteriorhodopsin on the potential energy surface of their chromophore are examined, taking into account the protein dielectric effect. It is found that the barriers for twisting double bonds of an isolated chromophore can be drastically reduced when the chromophore interacts with the protein charges. New types of local minima are found in the ground-state potential surface of the protein-chromophore complex. These minima correspond to "charge-stabilized intermediates" which are formed when a shift of the chromophore positive charge to the ring is stabilized by the ionization of a properly placed acidic group of the protein and by partial alternation of the bond len s of the chromophore. It is suggested that the absorption of light by rhodopsin and bacteriorhodopsin may be used not only for isomerization about double bonds, but also for trapping such charge-stabilized intermediates. Thus, for example, it is concluded that prelumirhodopsin might be still in the cis configuration. Both the mechanism of the proton pump system of the purple membrane and the dark reaction of the visual and purple membrane pigments are considered. The connection between the finding of the present work and the mechanism of storage of light energy in photobiology is indicated. A protonated Schiff base of retinal (PSBR) is the chromophore of several important photoreceptors, including the visual and purple membrane pigments. Absorption of light by such systems leads to a series of events that involve several intermediates (see refs. 1 and 2 for reviews). Characterization of these intermediates is essential for detailed understanding of the reaction mechanism of PSBR-containing pigments. There is only indirect experimental information about the structure of these intermediates, and the proposed models for their identity are ill defined. (3 Fig. 1 . It is composed of the PSBR chromophore, two acids (A1 and A2); and a three-dimensional grid of induced dipoles that simulate the dielectric effect of the protein atoms. The potential surface of this system includes the following contributions: (a) The intramolecular potential of the chromophore, evaluated by the QCFF/PI method (9, 10) (the parameters used are given in ref.
the purple membrane and the dark reaction of the visual and purple membrane pigments are considered. The connection between the finding of the present work and the mechanism of storage of light energy in photobiology is indicated. A protonated Schiff base of retinal (PSBR) is the chromophore of several important photoreceptors, including the visual and purple membrane pigments. Absorption of light by such systems leads to a series of events that involve several intermediates (see refs. 1 and 2 for reviews). Characterization of these intermediates is essential for detailed understanding of the reaction mechanism of PSBR-containing pigments. There is only indirect experimental information about the structure of these intermediates, and the proposed models for their identity are ill defined. (3) . Thus it is important to examine theoretically what models are feasible. The properties of double bonds of PSBR severely restrict the selection of reasonable models. All previous calculations (for review see ref. 4) indicate that the barrier for cis-trans isomerization about a double bond of an isolated PSBR is very high (more than 30 kcal/mole) and very steep. This leads to two seemingly unambiguous conclusions: (a) Intermediates with significantly twisted double bonds could not be stabilized by the steric forces of the protein because the force required would have to be of the order of -20 kcal mole-' radian-'. Previous studies (5, 6 , unpublished data) have clearly indicated that proteins cannot exert such a strong force. (b) The height of the isomerization barrier of PSBR excludes the mechanism of thermal isomerization. Therefore, the cis-trans isomerization in the vision process must be accomplished by absorption of light energy. Excluding twisted intermediates (see above), the first intermediate after absorption of light should be in the trans configuration.
The above conclusions depend on the assumption that the Fig. 1 The figure indicates that coupling of charge stabilization with bond-length alternation leads to a drastic change of the 11-12 torsional potential. The origin of this change is rationalized in Fig. 3 . The figure demonstrates schematically how changes in bond lengths and a proper charge stabilization lead to a transfer of positive charge from the nitrogen end toward the ring end. This change in charge distribution involves a complete change in the strengths (bond orders) of central double bonds. A rationalization of this effect in terms of the valence bond representation is given in ref. 3 .
The qualitative results presented in Fig. 2 are not directly relevant to the mechanism of the visual pigments since the least-energy path for changes in bond lengths during isomerization does not follow the bond-length alternation coordinate (v) . In order to properly study activation energies and reaction pathways it is important to obtain the potential in terms of proper least-energy coordinates. This is done in Fig. 4 , which shows the potential surface for twisting about the [11] [12] bond and proton transfer from Al to A2. The energy values used to construct the surface were obtained by the adiabatic mapping procedure (5, (9) (10) . In this procedure the energy is minimized, with respect to all Cartesian coordinates, for each value of (111-12 and the proton transfer coordinate (R). Since the protein structure is not known, we introduce in our model two assumptions about the potential for proton transfer from Al to A2. It is assumed that for (/11-12 = 100 and n = 0 the energy of the Al-A2H configuration is 5 kcal/mole higher than that of the A1H A2-configuration. This assumption implies a difference of 3.5 units between the pKa of Al and A2 in rhodopsin. It is also assumed that for (11-12 = 0 and q = 0 the barrier for proton transfer from Al to A2 is 6 kcal/mole. This assumption corresponds to a barrier of 1.4 kcal/mole for proton transfer at 111-12 -90°. In this way the proton transfer along the least energy path corresponds to the barrier estimated in ref. 11 .
The results presented in Fig. 4 and Table 1 Model A. After absorption of light the chromophore trajectory moves rapidly from the 1 1-ci conformation toward the (111-12 90 region. When '111-12 is close to 900, the spacing between the ground and excited states is small and the chromophore trajectory crosses to the ground state. In the ground state the trajectory proceeds in a combined motion of proton transfer (from A1 to A2t), bond alternation, and torsion toward the all-trans geometry. The overall motion probably involves a concerted rotation about the 11-12 and 15-16 (or 16-17) bonds (7). This motion is terminated at 1600 > 1)> 120°by the force that the lysine residue (C17-C21) applies on the N end of the chain. The interaction with A1-traps the chromophore as a charge-stabilized intermediate in a shallow region of the potential. In later stages the excess energy of this intermediate is used to change the protein folding (7) and to open an ion channel which facilitates the conversion of the light energy to electrical membrane current (1).
Model B. The trajectory is, as before, directed to the region of &11-12°0 and crosses to the ground state, where the shift of the chromophore positive charge leads to the proton transfer from A1 to A2. However, in this model, the lysine residue restrict motion to the k11-12 900 region, and all trajectories move to the cis region. The molecule does not return to the initial configuration (rhodopsin) since it is trapped as a charge-stabilized intermediate by the interaction with Al-. When the temperature is above 77 K the chromophore moves to the trans region, changes the folding of the protein, and eventually opens an ion channel. Model B implies that the barrier between the cis prelumirhodopsin and rhodopsin is higher than the barrier for cis-trans isomerization in the Al-A2H configuration. This is possible if the protein contribution to the potential of the system corresponds to the model described in Fig. 6 . Relation to experimental information Here we examine the experimental information about prelumirhodopsin and other intermediates of PSBR-containing pigments in view of the present work. Ground-state destabilization by the protein permanent dipoles, dielectric effect, and vibronic effects (13), which will be discussed elsewhere, can lead to additional red shifts.
Resonance Raman. The resonance Raman spectrum of prelumirhodopsin is characterized by lines in the 850-950 cmn1 region (14) . These lines are probably ring vibrations (15) , which can be enhanced by shifts in the ring position upon electronic excitation, due to the corresponding decrease in interaction between the chromophore and Al-. Ring lines can also be enhanced as a result of the change in q& 6and 4)r upon electronic excitation. Another possibility is that the special lines of prelumirhodopsin are due to enhancement of some out-of-plane vibrations associated with the 10-13 deformed region of the chain. With regard to the feasibility of model A or B, one may note that the resonance Raman spectra of prelumirhodopsin resembles more cis than trans PSBR. Formation Times. Absorption of light by rhodopsin leads to formation of prelumirhodopsin in several picoseconds (16, 17) . Previous semiclassical trajectory studies (7) have demonstrated that this short time is sufficient for photoisomerization even in the restricted active site of a protein.
The rate of crossing from the excited state to the ground state is strongly dependent on the spacing between these surfaces. The spacing, in turn, is dependent on the distance between the counter ion and the Schiff base nitrogen. Thus, the observation of slower surface crossing in solution than in rhodopsin (18) is significantly lower than the corresponding rate when the protein is undeuterated. This effect might be associated with the dissociation of a proton from Al. Artificial Pigments. Excitation of isorhodopsin (a complex of 9-cis PSBR and opsin) and other artificial pigments seems to lead to fast formation of prelumirhodopsin (17) . If rhodopsin corresponds to model A, then the 9-cis pigment probably undergoes a concerted 9-10, 15-16 isomerization to form prelumirhodopsin (7) . Model B, on the other hand, probably requires a concerted 9-10, 11-12 rotation for formation of prelumirhodopsin from isorhodopsin.
Quantum Yield. While the quantum yield of the first step in the vision process is about 0.7, most cis-trans isomerization processes give a quantum yield of <0.5. It was found in previous work (7) that when the surface crossing is very efficient (more than 0.25 of the trajectory crosses in each pass at the 900 region) the quantum yield for model A might be larger than 0.5. However, this was true only when the adjustable parameter of the degree of protonation was set to its most favorable value. Now it seems that the protein can achieve high quantum yield for model B in a much simpler way. That is, if the lysine residue is oriented so that it prevents rotation to 411-12 > 900, then all trajectories will terminate in the charge-stabilized cis region. In a later stage a thermal isomerization can convert the charge-stabilized intermediate to the trans configuration.
Both models are consistent with all the available experimental information. However, model B may be more probable because of its higher quantum efficiency.
Relation to other models Salem and Bruckmann (19) have calculated the excited-state charge distribution of a model for an isolated PSBR. They suggest that upon excitation of the chromophore and rotation of )11-12 to 900 the positive charge moves from the nitrogen end to the ring end, and this sudden polarization is crucial first step in the vision process. Although they did not consider the role of protein charges, their proposed sudden change in excited-state charge distribution is relevant to the ionization of Al. Note in the excited state (see the slope in the R direction in Fig.  4) .
The effect of the protein charges on the excited state of PSBR was considered in several studies (7, 8, 20) . However, the crucial effect of the protein charges on the ground-state potential was not appreciated. Peters et al. (11) have implied that prelumirhodopsin must be in the cis configuration since its fast formation time at 4 K excludes cis-trans isomerization. This conclusion seems incorrect in view of the calculations of ref. 7 (see the previous section) and the experiments of ref. 17 . Prelumirhodopsin might still be in the cis configuration, but not in the models considered by Peters et al. (11) , which do not include the basic essential element of charge stabilization.
Previous models which considered partial photoisomerization as the first step of the vision process (7, 8, 21) are the only logical possibility as long as the isomerization barrier is assumed to be as much as 30 kcal/mole. However, the present work demonstrates that the isomerization barrier may be much lower and offers the possibility that the light excitation does not lead to isomerizatien but to a charge-stabilized cis intermediatet Concluding remarks The interaction of PSBR with the protein charges has been suspected for some time to be of importance in the photoinduced reactions of rhodopsin and related systems. However, previous theoretical studies could not produce any significant charge-stabilization effects (apparently because they did not allow for bond-length alternation and because they studied excited states rather than ground states). The Little is known about the mechanism of the dark reactions of the visual and purple membrane pigments. Until now it has seemed that the isomerization in these reactions required some complicated bond-breaking process. The present work indicates that these isomerization reactions probably involve electrostatic stabilization of the charge distribution of the twisted double bond of the chromophore by the protein charges.
One of the most intriguing problems in photobiology deals with the storage of light energy as some type of conformational energy. For example, it has been estimated (8) that prelumirhodopsin has more than 13 kcal/mole of excess energy relative to rhodopsin, but there was no model that could consistently account for so much energy storage. The present work indicates that the light energy may be stored as electrostatic energy which is distributed in the complete protein chromophore complex.
Absorption of light by the proton pump system of bacteriorhodopsin drives protons against the macroscopic pH gradient. The present work suggests that a light-induced formation of charge-stabilized intermediate triggers this process by changing the pK. of several acids and eventually pushing a proton up the pH gradient.
The final experimental verification of the present model must await direct structural studies. However, the dependence of the reactions of rhodopsin and bacteriorhodopsin on ionization of acidic groups can probably be established by standard biochemical experiments (e.g., pH-dependent kinetics).
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